A direct numerical simulation ͑DNS͒ of turbulent channel flow with high Reynolds number has been carried out to show the effects of the magnetic field. In this study, the Reynolds number for channel flow based on bulk velocity U b , viscosity , and channel width 2␦ was set to be constant; Re b =2␦U b / = 45818. A uniform magnetic field was applied in the direction of the wall normal. The value of the Hartmann number, Ha were 32.5 and 65, where Ha= 2␦B 0 ͱ / . The turbulent quantities such as the mean flow, turbulent stress, and turbulent statistics were obtained by DNS. Although the influence of the magnetohydrodynamic dissipation terms in the turbulent kinetic energy budget was small, large-scale turbulent structures, e.g., vertical structures, low-speed streaks, ejection, and sweep, were found to decrease at the central region of the channel. Consequently, the difference between production and dissipation in the turbulent kinetic energy decreased with increasing Hartmann number at the central region and large-scale structures at this region were reduced.
I. INTRODUCTION
In recent developments in nuclear fusion research, certain design concepts for liquid breeder blankets for nuclear fusion reactors use molten salts, such as FLiBe, as coolant material. 1 The mean velocity of liquid coolant material in a reactor is strongly influenced by the magnetic field, and hence it is important to clarify the turbulent magnetohydrodynamic ͑MHD͒ flow behavior for an applied magnetic field perpendicular to the main flow. Furthermore, because the flow characteristics of the coolant at high Reynolds number 2 are assumed to be different from the usual turbulent MHD flow, it is important to investigate high-Reynolds number flow under a magnetic field for the design of real application facilities.
Extensive experimental work has been done by Reed and Lykoudis 3 for turbulent channel flow in a transverse magnetic field. The first numerical work on large eddy simulations ͑LES͒ of MHD channel flow was performed by Shimomura, 4 who studied the drag increase due to the Hartmann effect under a uniform wall-normal magnetic field; his results were in good agreement with the results presented by Reed and Lykoudis. 3 Direct numerical simulations ͑DNS͒ for turbulent pipe flow were made by Orlandi 5 and Satake et al., 6 for open channel flow the study was done by Satake et al., 7 and for turbulent channel flow the work was done by Lee and Choi. 8 A DNS database is necessary for making turbulence models such as the k -e model, 9 second-moment closer model, 10 and large eddy simulation. 11 These models require that velocity-electric correlation terms be determined. Kenjeres and Hanjalic 10 performed turbulence modeling using estimations of these terms from the DNS database. When a flow exhibits a high Reynolds number, large-scale turbulent structures appear at the channel center region, as was found in experimental works 12 and DNS. [13] [14] [15] [16] The structures are clustered at the core region where they form hierarchical structures. 12 These large structures cannot be ignored and therefore it is very important to investigate their fundamental characteristics of these structures. However, at present very little is known about the behavior of these large-scale structures under a magnetic field; it is not even certain whether they continue to be existent.
In this paper, we apply our channel DNS database 14 at high Reynolds number to uniform magnetic fields. The objectives of this study are to understand the large-scale reduction of the turbulent channel flow in a transverse magnetic field and to reveal the mechanism of the decrease of these large-scale turbulence structures.
II. NUMERICAL FORMULATION

A. Governing equations
The governing equations at low magnetic Reynolds number are written in their dimensional forms:
where u is the velocity, p is the pressure divided by density, is the kinetic viscosity, is the density, j is the current density, B is the magnetic field, is the electrical conductivity, and E is the electric field. The induced magnetic field at low magnetic Reynolds number is small compared to the applied magnetic field. The magnetic field in the present study is demoted by B 0 , a constant. The electric field is described using the electrical potential as E =−ٌ. Thus, we have the following nondimensional equations:
where is the vorticity expressed as = ٌ ϫ u. 
B. Computational conditions
Our DNS code is a hybrid of spectral finite difference methods. 14, 17 The spectral method is used to compute the spatial discretization in the stream and spanwise directions.
Nonlinear terms are calculated in physical space and the grid used to compute the nonlinear terms has a resolution 1.5 times finer in these directions to remove aliasing errors. The derivative in the wall normal direction is computed by a second-order finite difference scheme at staggered grid arrangements. The stream and spanwise components are located at the pressure point. The wall normal component is shifted to half the mesh size. The scalar potential for the electrical field is also located at the pressure point. The Helmholtz equation for viscous terms and the pressure Poisson equations are solved by using a tridiagonal matrix technique in Fourier space. The scalar potential is also solved by the same algorithm. These equations in time are integrated by using the fractional-step method. The second-order Crank-Nicholson scheme applied to the viscous terms is treated implicitly, whereas a modified third-order RungeKutta scheme is used for the nonlinear and Lorentz force terms explicitly. The number of grid points, the Reynolds number Re = ␦u / based on the channel half-width ␦ and friction velocity u , and the grid resolutions are summarized in Table I . Our computations are adopted for 224 GB main memory with 32 processor elements ͑PEs͒ on vector-parallel computers, Fujitsu VPP 5000 at JAEA and SX-7 at NIFS. The computational time per one step was 64 s and 47 s in SX-7 and VPP 5000, respectively. Total computational time for statistical averaging was 11.7 ͑u b T /5␦͒ after 100 ͑u b T /5␦͒ spend for becoming of the fully developing state from initial state. Periodic boundary conditions were applied to the streamwise ͑x͒ and spanwise ͑z͒ directions. For the wall-normal direction ͑y͒, a nonuniform mesh spacing was employed that was specified by a hyperbolic tangent function. A nonslip condition at the wall was applied to the velocity components. The numbers of computational grids used in this study were 1024, 1024, and 768 in the x , y, and z directions, respectively. The uniform magnetic field B 0 defined the y axis that lay along the axis of the streamwise direction in Fig. 1 . The bulk Reynolds number was 45818; this number was based on the bulk velocity and channel width 2␦. The fluid flowed with a constant mass flux. The Neumann condition for the electrical potential was adopted at the wall, i.e., an insulation wall assumption was applied here. The Hartmann numbers Ha= 2␦B 0 ͱ / were set to 32.5 and 65 based on the magnetic field B 0 , the kinematic viscosity , the electrical conductivity , and the channel width 2␦. Thereafter, u, v, and w denoted the velocity components in the x, y, and z directions, respectively. A subscript ͑+͒ represented a quantity that was nondimensionalized with u and . 
III. RESULTS AND DISCUSSION
Mean velocity profiles normalized by friction velocity are shown in Fig. 2 . Satake et al. 14 and Abe et al. 15 reported that for high Reynolds number with no magnetic field, a logarithmic profile exists that is elongated at the channel center. The DNS profile of Del Alamo et al. 13 ͑Re = 934͒ is also shown in Fig. 2 . Their Reynolds number is close to our Reynolds number. The logarithmic profile of Del Alamo et al. 13 is in good agreement with that of our findings. Thus, the numerical accuracy for our calculation without a magnetic field is good. The experimental profile of Brouillette and Lykoudis 18 ͑Re= 29000, Ha= 52.5͒ is also shown in Fig.  2 . The logarithmic profile at Ha= 65 slightly increases at the channel center, and the wake region clearly becomes smaller. Although the logarithmic profile at Ha= 32.5 is maintained, the wake region decays. This indicates that the increase at the logarithmic region is primarily caused by the so-called "Hartmann effect." That is, the Hartmann effect flattens the velocity profile, causing it to decrease with increasing Hartmann number. At Haϭ65, the profile becomes more rounded than at Haϭ0. The profile is in good agreement with the experimental profile reported by Brouillette and Lykoudis. 18 A similar observation was made for DNS of channel flow 8 and for experimental data of channel flow 3, 14 with a wall normal magnetic field. Figure 3 shows the Reynolds shear stress, magnetic stress, and the total stress. The total shear stress is written as
where Ha * = ␦B 0 ͱ / based on the channel half-width ␦.
The total shear stress consists of the mean velocity gradient, Reynolds shear stress, and magnetic stress; and it becomes a straight line when the flow state is fully developed. The Reynolds stress profile of Del Alamo et al. 13 is also shown in Fig. 3 . Our calculation without a magnetic field is also highly accurate. At Ha= 32.5 and 65, magnetic stress appears and cannot be ignored. Although magnetic stress exists in the whole of the channel at Ha= 32.5, the Reynolds shear stress is still dominant. On the other hand, at Ha= 65, the magnetic stress is very large, for the near region.
The velocity fluctuations are shown in Figs. 4͑a͒-4͑c͒. The velocity fluctuations profile of Del Alamo et al. 13 is also shown in Figs. 4͑a͒-4͑c͒ . Although our Reynolds number is slightly larger than that reported by Del Alamo et al., 13 our profiles have a similar tendency compared to their results. Interestingly, all the components decrease at the channel center. The streamwise component shown in Fig. 4͑a͒ remains near the wall region. The wall-normal component at Ha = 65 in Fig. 4͑b͒ is slightly shifted towards the region near the wall compared to the non-MHD case. In Fig. 4͑c͒ 
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enon is seen for high Reynolds number flow. And also, DNS exhibits the phenomenon for other high Reynolds number. At Ha= 32.5 and 65, the bulge decreases. This tendency for the velocity fluctuations to decay is also seen in the DNS of channel flow 14 and experimental channel flows. 3 Thus, this phenomenon brings about the decay of turbulent kinetic energy under a magnetic field. In order to understand this mechanism, we now discuss the turbulent kinetic energy budget level.
The turbulent kinetic energy budget is expressed as
͑10͒
Here the new terms MHD1, MHD2, and MHD dissipation are caused by the applied magnetic field. The terms in Eq. ͑10͒ are shown in Figs. 5͑a͒ ͑Ha= 0͒, 5͑b͒ ͑Ha= 32.5͒, and 5͑c͒ ͑Ha= 65͒. Although the profile shapes of each term do not change with increasing magnetic field, the absolute values for all terms decrease with increasing magnetic field. The contributions of the three additional MHD terms are very small compared to the other terms. Figure 6 shows the dissipation terms for the applied magnetic field cases; these were obtained by expanding the data in Fig. 5 . The MHD1 and MHD2 terms include relative potential gradient components. MHD2 is larger than MHD1.
All terms at Ha= 65 are greater than at Ha= 32.5. The peak position of all the terms is at y + = 15, and the region that corresponds to the peak position of the velocity fluctuation. Figures 7͑a͒-7͑c͒ show the streamwise wavelengths of the peak of the premultiplied power spectrum at different distances from the wall. In these figures, the vertical axis is the peak of the premultiplied power spectrum, and the horizontal axis represents the distance from the wall. Both axes are normalized by the channel half-width, and are defined by wall units. The structure scales in Fig. 7͑a͒ are approximately divided into two layers at y + = 200; this is because the scale at Ha= 0 in Fig. 7͑b͒ is markedly changed at y + = 200. The two layers can be defined as the region near wall region and the channel central region. When a magnetic field is applied, the dominant scale of the structure in the region near the wall becomes larger than when there is no magnetic field. However, the dominant scale of the structure at the channel central region decreases with increasing magnetic field.
The spanwise wavelength of the peak of the premulti- plied power spectrum at different distances from the wall is shown in Figs. 8͑a͒-8͑c͒. The dominant scale of structures at the region near the wall is almost the same; this is true even when a magnetic field is applied. However, the scale at the channel center decreases. Consequently, when a magnetic field is applied, the primary structure scales at the streamwise and spanwise directions decay at the channel central region; while at the region near the wall, the primary structure scales at the streamwise direction are enhanced and the primary structure scales in the spanwise direction reduced. In order to explain this mechanism, the integration of the difference between the production and dissipation terms in the turbulent kinetic energy budget is shown in Fig. 9 . The profile has both positive and negative values for the production of turbulent energy. For Ha= 0 and 32.5, positive regions exist at 6 Ͻ y + Ͻ 40 and at y + = 200. The first region contributes to the turbulent energy for wall eddies by the production of wall shear. The second region contributes to the energy production of large-scale turbulent structures. For Ha= 65.0, there is no positive region for y + = 200 as this region decays due to the increase in the magnetic field resulting in the reduction of the Reynolds shear stress near the wall, and resulting in the increase of the mean velocity gradient ͑Fig. 3͒.
To examine the phenomenon of changing dominant turbulent structure scales owing to magnetic field, the turbulent structures are visualized in Figs. 10-13 without the reduction of grid numbers. The visualization is made using AVS/ Express PCE ͑Parallel Cluster Edition͒ of KGT, since the data are huge; one dataset is 6.4 GB. The visualization volume is divided into four regions in the streamwise direction by using PC cluster machines with four processors. The nominal visualization lengths for the computational volumes are 5␦, 2␦, and 2␦ in the x , y, and z directions. When the lengths are normalized by and u, the full visualized volume is ͑Lx + = 17592, Ly + = 2240, Lz + = 7037͒ at Ha= 0. Streaky structures are shown in Figs. 11͑a͒-11͑c͒ . Large streaky structures with many streaks appear in the channel center in the streamwise direction. At Ha= 0, large streaky structures with width larger than 1000 exist, and are located away from the wall. This coincides with the spanwise wavelength of the peak of the premultiplied power spectrum in Fig. 7͑a͒ . A few merged large streaks elongated in the channel center away from the wall are shown in Fig. 11͑a͒ . The characteristic size of the large streaky structures in the streamwise direction is larger than half the channel width. Almost all large structures are almost all located at y + Ͼ 200 ͓see Fig. 7͑a͔͒ , corresponding to the wake region in the mean velocity profile. On the other hand, at Ha= 32.5 and 65, the large-scale motion at the channel center decreases in Fig. 11͑c͒ . It is evident that the turbulent intensities in Fig. 4 decrease at the channel center owing to the applied magnetic field. Moreover, streaky structures with widths of about 100 wall units for Ha= 65 appear near to the wall region. This scale is the primary scale near the wall region and is also seen for low Reynolds number. Thus, near-wall structures and large-scale structures exist at high Reynolds number; the latter ones decreases with the application of a magnetic field and the former ones remain.
To investigate the Reynolds stress contribution to turbulent production, quadrant analysis with four parts including ejection and sweep is performed. existence of near-wall vertical structures and associated ejection/sweep events. Moreover, Kasagi et al. 20 have presented the details of the spatial relationship between nearwall vortices and ejection/sweep. The isosurface of a sweep mode ͑u Ͼ 0, v Ͻ 0͒ in one of the quadrants is shown in Fig.  12 . Note that the sweep regions visualized are focused on the wall side at y / ␦ = 0. The other modes at the region on the opposite wall side, for outward interaction ͑u Ͼ 0, v Ͼ 0͒, are the same. At Ha= 0 and 32.5, sweep can be clearly observed from the wall to the channel center. At high-Reynolds number pipe flow, large-scale sweep has also been observed by Satake et al. 21 However, at Ha= 65, sweep regions are limited to regions close to the wall. This is also evidence of the relationship between sweep and Reynolds stress distribution ͑see Fig. 3͒ .
The isosurface of the ejection mode ͑u Ͻ 0, v Ͼ 0͒ in one of the quadrants is shown in Fig. 13 . Note that the ejection regions visualized are focused on the wall side at y / ␦ϭ0 The other modes at the region on the opposite wall side, for inward interaction ͑u Ͻ 0, v Ͼ 0͒, are the same. The ejection region at the channel center decreases with increasing magnetic field. The scale of ejection in the stream and spanwise directions also decay with increasing magnetic field. It is evident that the causes of the large sweep and ejection are closely related to the mechanism for producing energy ͑see Fig. 9͒ .
IV. SUMMARY
DNS for channel flow at high Reynolds number was carried out under a uniform magnetic field. Large scale structures are found to decrease in a transverse magnetic field and vortex structures, streaky structures, sweep, and ejection are found to become smaller at the channel central region. This reduction is caused by a positive contribution to turbulence production takes place in the central region. Evidence for this phenomenon is also seen in the premultiplied power spectra. The wavelengths in both in the x and z directions are shorter than in the non-MHD case. Although the magnetic dissipation terms at Ha= 65 are slightly larger than at Ha = 32.5, their contribution is small compared to the other terms in the turbulent kinetic energy budget. These results show that the mechanism causing the reduction of large-scale turbulence structures is a reduction in production at the central region due to a decrease in the velocity gradients caused by Hartmann flattening. At high Reynolds number, the turbulence intensities and large-scale structures are found to be reduced.
The findings of this study not only contribute to elucidating the physics of MHD turbulence, but are also useful for understanding how magnetic fields can control turbulent large-scale structures at high Reynolds number.
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